Reovirus is a gastroenteric virus with a genome that consists of ten segments of double-stranded RNA. The segmented nature of the genome allows for genetic mixing when cells are simultaneously infected with two different viral serotypes. The ability of viral reassortment to take place in asynchronous infections has not previously been investigated with mammalian reoviruses. In this study, five different cell lines, representing mouse, monkey, and human, were infected synchronously or asynchronously with various sets of two different temperature-sensitive (ts) reovirus mutants in order to study the genetic interactions which occur. Recombinant viruses were detected at high frequency when infection by the two different ts mutants was separated by as much as 24 h, suggesting that superinfection exclusion does not play a role in reovirus mixed infections. The apparent lack of superinfection exclusion in reovirus infections may have important implications in its evolution.
Mammalian reoviruses can infect a variety of host species but cause significant pathology only in a subset of these hosts, most notably in neonatal mice (Fields and Greene, 1982; Bass et al., 1988; Ramig et al., 1989) . The inability for reovirus to cause substantial pathogenesis in the human tissues they infect (primarily lung and gut) resulted in the acronym reo, for 'respiratory enteric orphan'. Despite the agent's apparent inability to cause significant human disease, reoviruses have been extensively studied through the years due to a unique property of their genome; the reovirus genome is composed of ten discrete seg-ments of dsRNA which are assembled into complete virions with extremely high efficiency (for review see Joklik and Roner, 1996) . The mechanism which enables such efficient virus assembly is unknown, but the ability of the individual genome segments to reassort among different reovirus serotypes has been well studied and exploited experimentally (Fields and Joklik, 1969; Fields, 1971; Chakraborty et al., 1979; Ahmed and Fields, 1981; Ramig and Fields, 1983; Antczak and Joklik, 1992) .
Reassortment can be easily observed when using sets of two different temperature-sensitive (ts) mutants of reovirus in mixed infections. If used individually, neither of the two parental ts mutants can form viable progeny virions capable of replication at 39°C since each contains a mutation in one of the ten gene segments, resulting in decreased functional efficiency at higher temperatures. However, when cells are simultaneously co-infected with two ts viral mutants whose lesions reside on different gene segments, reassortment can be detected as recombinant wild-type-like (ts + ) progeny capable of replication at the conditionally-lethal (nonpermissive) temperature of 39°C because a portion of virions being produced will package the wild-type genes of both parents, omiting the two mutated genes from each respective parent. Reassortment can be calculated by the formula: (AB) NP −(A+B) NP (AB) P × 100
where A and B are the viral titers of the two different temperature sensitive mutants; NP= nonpermissive temperature of 39°C and P=per-missive temperature of 32°C. Although synchronous co-infections between two different virus serotypes or ts mutants consistently result in reassortment amongst all investigated genera of the family Reo6iridae, the effects of asynchronous infections have yielded opposing results when different genera were studied.
A wide variety of cell types, when infected with a virus, are unable to host a successful secondary infection of the same or a closely-related virus; this phenomenon is called superinfection exclusion with the second, or superinfecting, virus being prevented in some way from successfully replicating in the infected cells. Superinfection exclusion is not well understood and a number of different mechanisms have been suggested to explain it. For example, competition for host factors required for entry (e.g. surface glycoproteins) or for viral replication and transcription (e.g. various host enzymes, or chaperones) may hinder the progress of a superinfecting virus. Superinfection exclusion was first described in bacteriophages (Dulbecco, 1952; Visconti, 1953) but many viruses which infect eukaryotic cells also display an exclusion phenotype. The first animal virus shown to undergo superinfection exclusion was vesicular stomatitis virus (VSV) (Whitaker-Dowling et al., 1983) . Similarly, vaccinia virus-infected BSC40 cells did not permit the replication of superinfecting vaccinia virus (Christen et al., 1990) . Although the methodology of superinfection exclusion has not been elucidated, adsorption of the superinfecting virus occurred for both VSV and vaccinia, and the exclusion was thought to target an early replicative stage of the second virus. In both vertebrate and invertebrate cells infected with Sindbis virus, superinfection exclusion occurred at an intracellular stage since transfected viral RNA was also inhibited from replicating in infected mosquito cells (Karpf et al., 1997) .
In other virus systems, interference with entry or penetration of the superinfecting virus has been observed. Influenza virus synthesizes a neuraminidase which destroys the cell surface receptor initially required for infection (Palese et al., 1974) , thereby preventing progeny virions from re-infecting the same host cell. This destruction of the cell surface receptor for influenza viruses may also prevent the re-infection of a host cell by a different influenzavirus serotype; coronavirus expresses an esterase which may have similar functions (Vlasak et al., 1988) . For herpesvirus, the cell surface expression of glycoprotein D inhibits superinfection of both HSV-1 or HSV-2 serotypes by preventing virus penetration (Dean et al., 1995) .
Superinfection exclusion occurs in some members of the Reo6iridae family as well. In Bluetongue virus (BTV), a prototype of the orbivirus genus, reassortment (or recombination) failed to occur when the second virus followed the first infecting virus by \ 4 h in vitro, or 5 days in vivo (el-Hussein et al., 1989; Ramig et al., 1989) . The mechanism for this exclusion in BTV is not yet known. On the other hand, rotaviruses (another member of Reo6iridae) do not undergo superinfection exclusion (Ramig, 1990) . Recombination was still detected between two rotavirus ts mutants even if inoculation with the second virus occurred 24 h after the initial infection. With regard to reassortment of genome segments and protein function, the members of the Reo6iridae family function in a very similar fashion. It is reasonable to assume that all viral genera in a family would share such a notable characteristic as superinfection exclusion. To attempt to resolve the conflicting results thus observed, the possibility of superinfection exclusion occurring in mammalian reoviruses is examined.
For the present study, four temperature-sensitive mutants were used in the superinfection experiments. These mutants were chosen for analysis because they have been well characterized by our lab (Coombs et al., 1994; Coombs, 1996; Shing and Coombs, 1996) . tsC447, tsD357, tsG453 and tsH11.2 all map to independent genome segments, and the locations of the lesions are known. At permissive temperature, the growth rates of these mutants were comparable to that of wild-type reovirus, thus allowing the detection of wild-type-like recombinant progeny from mixed infections between the ts mutants when subsequently assayed at nonpermissive temperature. The L929 fibroblast cell line was grown in MEM medium, supplemented with 2.5% FCS/2.5% VSP and antibiotics as described (Coombs et al., 1994) . Infections were carried out in 2-dm vials containing approximately 8×10 5 cells. To begin the infection, the medium was removed from the cell line and the appropriate virus mutant was added at a multiplicity of infection (MOI) of 5 PFU per cell and allowed to adsorb for 1 h at room temperature. After adsorption, 500 vl of fresh medium was added to the cells, which were then incubated at 32°C. At the appropriate time postinfection, the medium was removed and the superinfecting virus was adsorbed at an MOI of 5 PFU for 1 h. Fresh medium (500 vl) was again added after virus adsorption, and all samples were incubated at 32°C. All infections were stopped 72 h after adsorption of the first virus. The infected cell monolayers were disrupted by three cycles of freeze/thawing followed by sonication in order to efficiently release the virus. Virus replication was determined by plaque assay titrations at 32°C and 39°C as described (Coombs, 1996) and recombination frequencies determined by the formula provided earlier. Recombination ratios also were standardized to values obtained at Time 0, when the virus mutants were added synchronously to the cells. In this way, a decline in recombination efficiency could be easily detected.
Self crosses failed to recombine and form wildtype-like progeny since the mutational lesion that creates the temperature-sensitive phenotype is on the same genome segment. In contrast, virtually all possible pairs of synchronous infections in L929 cells between the four different groups of ts mutants (i.e. tsC× tsD, tsH× tsD,... tsG× tsH) resulted in wild-type-like recombinant progeny, as illustrated by recombination values above zero (Table 1 , 0 h points), and as previously reported (Fields and Joklik, 1969; Ramig and Fields, 1979; Coombs, 1996) . One cross, tsC× tsG, failed to recombine at 39°C (see Table 1 ). Both tsC447 and tsG453 were characterized by our lab using extensive reassortment analysis (Coombs et al., 1994; Shing and Coombs, 1996) ; thus, the likelihood that these two mutants are from the same recombination group is unlikely. It has been previously noted that recombination values obtained by the standard mathematical equation often result in wide variations upon repeat of the same virus co-infections (Ramig, 1983) . Chakraborty and coworkers also observed this peculiar anomoly (Chakraborty et al., 1979) . They discovered that certain ts mutants interfered with the growth of ts + virus at 39°C. The tsC x tsG cross was specifically noted for the low levels of both reassortment and growth of progeny virions.
It is generally accepted that recombination is an 'all or none' phenomenon, and what is important is whether recombination occurs at all. If it does, then the dysfunctional genome segment of one ts mutant can be replaced by the corresponding wild-type genome segment of another ts mutant; Ramig and Fields, 1983; Ramig and Ward, 1991; Coombs, 1998) .
To determine the time frame during which reovirus superinfection exclusion might or might not occur, L929 cells were mixedly infected under asynchronous conditions. Therefore, at the appropriate time after the initial infection, superinfection was carried out with either the same virus (as a control) or with a virus from a different group of ts mutants. Table 2 and Fig. 1 show representative results for synchronous and asynchronous infection of L929s with representative pairs of reovirus ts mutants. Recombination still occurred between the two virus mutants (either tsC and tsH or tsG and tsD), even when the superinfecting virus was added 24 h after the first virus. Later times for superinfection were attempted but the cells displayed cytopathic effects, primarily loss of adhesion from the substrate, by 36 h post-infection with virus 1. A gradual decline in the recombination rate was observed, as easily visualized in Fig. 1 , and probably relates to the diminished cell viability upon infection with the second virus, since the first virus had already finished a complete round of replication. In cases where superinfection exclusion has been documented, addition of the superinfecting virus at relatively early time points of 4-6 h after initial virus infection consistently resulted in a dramatic decline in recombination efficiency up to 100-fold (for examples see Whitaker-Dowling et al., 1983;  Ramig et al., 1989; Christen et al., 1990) . Comparison of these abrupt and dramatic declines in recombination in cases of superinfection exclusion with our gradual and minor declines indicates that superinfection exclusion did not play a role in asynchronous infections of L929 cells. The order by which each mutant was adsorbed (first or second infecting virus) was also monitored to determine its significance. As shown in Fig. 1 , the recombination ratio, which compares the percentage of wild-type-like recombinant progeny obtained from synchronous and asynchronous infections, did not significantly vary depending on which ts mutant was adsorbed first. More importantly, there did not appear to be any exclusion of the second infecting virus, even 24 h after infection with the first virus. L929 cells that were infected with a wider variety of reovirus mutants at key time points of 4-and 24 h also suggest that superinfection exclusion did not occur since recombination was still evident when the second virus was adsorbed 24 h after the initial infection (Table 1 ). This suggests a general phenomenon that is not specific for various reovirus serotypes. For example, tsH11.2 carries a defective reovirus serotype T1L-derived M1 gene (Coombs et al., 1994; Coombs, 1996) , and the other ts mutants used were derived from serotype T3D, yet superinfection exclusion did not occur with any of the crosses.
Reoviruses produce cytopathic effects in a wide variety of cultured cells. Four additional cell lines were used to determine if the results obtained in L929 cells were cell-specific, or a characteristic attributable to reovirus. If L cell results were different from results obtained in alternate cell types, then the use of different cell lines might explain the rotavirus/BTV dichotomy. The cell lines chosen included MA104 cells (a monkey kidney cell line, kindly donated by Dr L. Babiuk, VIDO, University of Saskatchewan), which had been used to study superinfection exclusion in rotaviruses (Ramig, 1990) , and three human-derived cell lines, polarized HT29 (enterocytes, a gift from Dr N. Simonsen, University of Manitoba), U373s (astrocytes), and U937s (macrophages). Both the astrocyte and macrophage cell lines were generously provided by Dr A. Nath, University of Manitoba. All cell lines used were grown in MEM medium except for the U937 cell line which was grown in RPMI medium. The tropism of reovirus for gastrointestinal tissue suggested that the human-derived HT29 cell line might provide a more representative substrate for a 'normal' infection by a human reovirus than the mouse L929 cells. Astrocytes were used in our study due to the serious neuropathological effects of reovirus that have been extensively shown to occur in mice (Margolis et al., 1971; Hrdy et al., 1982; Dichter Fig. 1 . Recombination between reovirus temperature-sensitive mutants in asynchronous infections of L929 cells was investigated by infecting the cells at various times and incubating the mixed infections at 32°C for 72 h. Recombination ratio values for various ts mutant crosses were calculated and standardized to the 0 time point (set as a recombination ratio of 1.0), a time when reassortment readily occurs. The recombination ratios (values in parentheses from Table 2 above) were plotted to facilitate visualization of the relative levels of recombination that occurred when the second virus was added at the indicated time. , cells already infected with tsD357 for the indicated periods of time were superinfected with tsG453 (tsD357 ×tsG453); , cells previously infected with tsG453 superinfected with tsD357 (tsG453× tsD357); , cells previously infected with tsC447 superinfected with tsH11.2 (tsC447 ×tsH11.2); , cells previously infected with tsH11.2 superinfected with tsC447 (tsH11.2 ×tsC447); , cells previously infected with tsH11.2 superinfected with tsH11.2 (tsH11.2× tsH11.2).
and Weiner, 1984; Cohen et al., 1990; Flamand et al., 1991) , and because there is some indication that reovirus may be associated with human CNS disease (Johansson et al., 1996) . Macrophages are important cells with respect to immunopathological events; theoretically, if superinfection exclusion of reovirus only occurred in U937 cells, it could suggest a cell-specific immunoevasion strategy of reovirus. As U937's have previously been utilized for reovirus studies (Farone et al., 1993) , we knew that the virus could successfully replicate within this type of macrophage. For the remaining cell lines, we first confirmed that reoviruses could indeed replicate in the astrocytes, gut and monkey kidney cell lines. Two wild-type reovirus serotypes (T1L, T3D) were used to infect the cells; although viral titers obtained varied between cell types, all could accommodate replication of reovirus as seen in Fig. 2 . Total viral yields from infection with temperature-sensitive mutants in the five cell lines also demonstrated the ability of reovirus to replicate in all cell lines examined. For both synchronous and asynchronous infections, viral titers at permissive temperature ranged from 5× 10 6 -5× 10 9 PFU/ml in the five cell lines used. This represents an increase of 0.5 to 3 orders of magnitude over input titer. Replication of the T3D reovirus serotype in HT29 cells was minimal, yet the titer for the T1L serotype increased by two orders of magnitude. Fig. 3 shows the results of asynchronous infections of HT29, MA104, U373 and U937 cell lines with various reovirus temperature-sensitive mutants. Wild-type-like recombinant progeny were still detected at the nonpermissive temperature of 39°C even when the superinfecting virus was added 24 h after the initial infection. The self-cross of tsH× tsH mutants (which was representative of all other ts self-crosses) failed to recombine at any time point, supporting the significance of the recombination rates obtained for the various ts mutant crosses. The crosses shown in Fig. 3 are representative of all 16 ts mutant Fig. 2 . Capacity of reovirus strains to replicate in various monkey-and human-derived cell lines. Reovirus serotype 1, strain Lang (T1L, ) and serotype 3, strain Dearing (T3D, ) were adsorbed to the indicated cells (HT29, human polarized enterocytes; MA104, monkey kidney; U373, human astrocytoma; and U937, human macrophages) at an MOI of 5 PFU/cell. After adsorption cells were cultured at 37°C. Infected cells were harvested at the indicated times post-infection, freeze-thawed, and the amount of virus produced determined by standard plaque assay. Data points represent the average of two separate experiments.
crosses that we examined, except for tsC × tsG, which, as indicated earlier, failed to significantly reassort, even under synchronous conditions. In the L929, HT29, MA104, U373 and U937 cell lines studied, there was no evidence of superinfection exclusion occurring in asynchronous infections with reovirus temperature sensitive mutants. The variability in recombination rates was most dramatic in MA104 cells; upon repeating the superinfection experiment, the recombination values varied more than one order of magnitude. The variability obtained with MA104 cells highlights the need to investigate viral mechanisms, such as superinfection exclusion, in a variety of cell types as was done in this study. In the other four cell lines used, the recombination rates obtained were significantly more constant, better illustrating the absence of superinfection exclusion with mammalian reoviruses.
From these studies, we conclude that superinfection exclusion plays no part in reovirus infections in vitro. By utilizing a number of different Fig. 3 . Recombination between reovirus temperature-sensitive mutants in asynchronous infections of HT29, MA104, U373 and U937 cell lines. Recombination ratio values for various ts mutant crosses in the indicated cells were determined as described in the legend to Fig. 1. , tsD357×tsH11. 2; , tsG453× tsD357; , tsC447 ×tsD357; , tsH11.2 ×tsH11.2.
virus mutants and a variety of cell types derived from different species, the lack of exclusion does not appear to be mutant-or cell-specific. Although the in vivo scenario was not examined, various studies support the significance of using established cell lines to investigate the reovirus lifecycle (el-Hussein et al., 1989; Ramig et al., 1989; Farone et al., 1993) .
The inability of reovirus to exclude superinfecting viruses of the same genera from genetic interactions during the infection process has significant consequences. Genome reassortment has been theorized to be a molecular mechanism for RNA virus variation (for examples see representative rotavirus (Gombold and Ramig, 1994) and influenza (Young and Palese, 1979; Palese and Young, 1982) articles). The absence of superinfection exclusion would increase the number of virus particles that could infect a single cell, thus enhancing the likelihood of reassortment occurring among the progeny virions. If the absence of superinfection exclusion is advantageous with regard to virus variation, why do many viruses, including VSV, Sindbis, herpesvirus, and vaccinia, exclude superinfecting viruses? Mechanisms thought to be involved with the reovirus life cycle suggest that it is relatively independent from host cell functions when compared to other viruses, including influenza virus (Krug et al., 1976; Plotch et al., 1979 Plotch et al., , 1981 and all DNA viruses. Dependence on host cell factors (e.g. the 'cap-snatching' seen in influenza) and the cell cycle (e.g. DNA viruses) would explain the need for excluding any superinfecting viruses which may outcompete the first virus. Furthermore, most viruses, especially negativestrand RNA viruses, readily generate and amplify defective interfering (DI) virus particles (McNulty et al., 1978; Lazzarini et al., 1981; Perrault, 1981; Kuge et al., 1986; Frey and Hemphill, 1988; Odagiri et al., 1994) . DI particles often have smaller genomes which can be more efficiently replicated than a virus containing a complete genome. Thus, perhaps the reproductive benefit derived from preventing entry of defective virions into the cell, with subsequent enhancement of replication of the resident first virus, outweighs the advantage of increasing virus variation. Interestingly, reovirus may replicate efficiently regardless of the presence of additional defective reovirus particles, as was noted by Ahmed and Fields (Ahmed and Fields, 1981) .
From a practical aspect, the lack of superinfection exclusion would allow an altering of the standard protocol for generating reovirus reassortants. Co-infection with two reovirus serotypes is routinely used to produce and later isolate reassortant progeny; however, the percentage of progeny that indeed reassort, depend on the ability of the parental viruses to replicate. For instance, T1L and T3D are significantly more efficient at replicating in L929 cells than the viral serotype T2J. If one were to infect with T2J first, and wait 12-24 h before infecting with T1L or T3D, the slower replicator would have an advantage that might result in a higher yield of reassortant progeny. This method of generating reassortants was utilized in a study with avian reoviruses (Ni and Kemp, 1990) , indirectly demonstrating the absence of superinfection exclusion in avian reoviruses as well. Since reovirus strains do not require synchronous co-infection to reassort, this would greatly affect infections in vivo, where opportunities for a second reovirus infection would be notable.
